The gut is the major source of inflammatory agents that affect the liver. Of these com pounds, the endotoxins are the most frequent and best studied intruders. The resident macrophages of the liver, the Kupffer cells, are among the first to respond to this complex. Following contact with the cluster of differentiation (CD) 14 protein, the complex triggers a signal cascade involving the nuclear factor KB. This factor enhances the expression of inflammation-related genes, e.g. those encoding cytokines. Tumor necrosis factor-a is responsible for nearly all of the effects ascribed to endotoxins (lipopolysaccharides).
Liver Macrophages: A First-line Defense against Endotoxin
Many compounds that elicit inflammatory reactions enter the systemic circulation via the portal vein. Lipo polysaccharides (LPS), components of the outer mem brane of Gram-negative intestinal bacteria, are the most frequent intruders. Also referred to as endotoxin, these high-molecular weight compounds may enter from the gut as part of intact bacteria or in free form as their degradation products. Tiny amounts of LPS penetrate the intestinal wall at all times. However, various patho logical conditions lead to leakage of the intestinal bar rier and allow larger amounts of LPS to reach the portal blood. Severe inflammatory reactions including endo toxic shock are the result of endotoxinemia.
The resident macrophages of the liver sinusoids, the Kupffer cells, are among the first cells to encounter these invaders. They are able to bind, internalize and degrade most of the incoming LPS.' Binding is accom plished by the CD14 complex in the macrophage plasma membrane with the aid of an LPS-binding protein. 2 It appears, however, that CD14-independent mechanisms of uptake are also available. 3 It has recently been shown that LPS itself triggers the expression of CD14,4 such that an autostimulated phase of uptake would be expected. The kinetics of the cellular response are compatible with this notion.
The complex between the LPS-binding protein (LBP), the membrane-associated CD14 and LPS trig not yet been established. It may be relevant for the proliferative or the apoptotic effects typical of TNF-a rather than for the response to inflammatory agents. Different receptors connect to different proteins in the primary steps of the cascade. Apparently, however, they all converge in the use of the transcription factor nuclear factor KB (NF-KB)/Rel. NF-KB is a hetero dimeric protein consisting of a 50 and a 65 kDa sub units. In some cells, this transcription factor is present and active in the nucleus without specific stimulation. In most instances, however, NF-KB resides in the cytosol bound to an inhibitor of NF-KB, IKB6 that prevents its transit to the nucleus. Activation of the signal transduction cascade elicited by an inflammatory agent leads to the release of NF-KB from its complex with the inhibitor7 (Fig 1) . In this process, the inhibitor is phosphorylated by an IKB kinase that itself is activated following contact of the eliciting signal with the macrophage. The phosphorylated IKB binds to ubiquitin and is proteolytically cleaved by FIg NO serves a dual function in the mammalian organ ism: it lowers the tension of blood vessels (or sinusoids), but it may also become a strongly cytotoxic oxidant. Since the compound is the same in both instances, it must be the environment and the cell type involved that makes the difference. NO possesses a high affinity for complexed iron; thus, it is an inhibitor of enzymes whose activity depends on iron complexes and that are easily accessible to NO. One of these is the guanylate cyclase that produces cGMP; this enzyme is thought to be the target of the dilatory effect of NO in smooth muscle or myofibroblast-like cells.
The cytotoxic effect of NO cannot be fully explained by this mechanism. It is presently thought that NO must be converted to a more reactive derivative. The partner suited best for this reaction is superoxide (02); together with NO it produces highly reactive compounds such as peroxynitrite that are able to destroy organic matter.16 O2-is a typical product of macrophages. A membrane spanning NADPH oxidase binds NADPH on the cyto plasmic side and uses an electron to reduce in the peri plasmic space one molecule of molecular oxygen (dioxygen) to superoxide. Kupffer cells produce it whenever they come in contact with a phagocytosable particle such as a bacterium, a dying erythrocyte or an immune complex. It appears that the binding scavenger receptor or some other more specific receptor produces a signal that ultimately results in the activation and assembly of the NADPH oxidase in the plasma mem brane. The binding of a particle leads to the involution of the respective "bristle-coated" clathrin-connected membrane area with formation of phagosomes; thus, the major part of the superoxide produced is released into this closed space17 and can reach significant con centrations. If at the same time NO is fed in-be it from the Kupffer cells themselves or from stimulated sinus oidal endothelial cells-the conditions for peroxynitrite formation and oxidative destruction of the particle are created.
NO and TNF-a in Liver Regeneration
During the prereplicative period of liver regenera tion, the changes of the messenger RNA (mRNA) con tents for TNF-a and its receptors are nearly synchro nous. The mRNA levels reach their maximum at 1-3h after operation and exceed the respective values in intact animals by about ten-fold. LPS stimulation induces an increase in TNF-a and TNF receptor pro duction comparable to that during regeneration. 18 NO production in the regenerating liver,19 as deter mined by electron paramagnetic resonance spectros copy, starts to increase approximately 1h after partial hepatectomy (PHE). A second and more pronounced NO production peak occurs about 6 h after PHE when the hepatocytes enter the first cell cycle. This NO orig inates mainly within the parenchymal cells. The follow ing minimum of NO synthesis coincides with the max imal rate of DNA synthesis. A third gradual rise of NO production occurs at the transit from the first to the second cell cycle of the hepatocytes and the entrance of the nonparenchymal cells into proliferation.
Hepatocytes, Kupffer and endothelial cells isolated from livers after PHE revealed that each cell type starts its major NO production at the time corresponding to its respective entrance into the cell cycle. 20 The maxima of NO synthesis seem to be inversely correlated to the DNA-synthesizing activity of the individual cell type supporting the notion that NO is involved in the regu lation of the cell cycle.
Eicosanoids and Platelet Activating Factor
Eicosanoids comprise the bioactive derivatives of the highly unsaturated, 20-carbon arachidonic acid. They include the prostaglandins, prostacyclin, thromboxane and the leukotrienes. In rat liver, prostaglandins are synthesized mainly by stimulated Kupffer cells , but eli cited sinusoidal endothelial and hepatic stellate cells are also releasing some of these agents. Hepatocytes, on the contrary, do not produce eicosanoids, but they are the major site where their degradation takes place . 21 Inflammatory agents such as LPS or some cytokines elicit the release of PGE2, PGD2 and thromboxane A2 (TxA2) (for review see 22) . The effect of TNF-a is mediated by the 55 kDa TNF-a receptor; anti-TNF-a receptor antibody is able to elicit PGE2 production by rat Kupffer cells. While a Ca2+-dependent phospholi pase A2 (PLA2) activity regulates the overall output of prostaglandins, protein kinase C (PKC) activity determines the relation of PGD2 and PGE2 formation; up-regulation of PKC by a short-term (2h) exposure of Kupffer cells to phorbol ester decreases, down regulation by 24h exposure to phorbol 12-myristate 13-acetate (PMA) increases the PGE2/PGD2 ratio23 (Fig 3) .
PGE2 rather than PGD2 acts as a regulator of intra hepatic signalling. PGE2 suppresses the LPS-stimulated synthesis of TNF-a and IL-113 (but not of IL-6!) at the transcriptional level as shown by Northern blotting and reverse transcriptase-polymerase chain reaction24 ( Fig  4) ; the suppressive effect of PGE2 becomes detectable about 30 min after LPS exposure and lasts for more than 36h. cAMP, the production of which is enhanced by PGE2, appears to mediate PGE2-triggered gene expression. PGE2 also influences the formation of cytokine receptors on Kupffer cells and thus partic ipates in regulated autocrine stimulation. Kupffer cells were found to express the IL-6 receptor (IL-6-R) con stitutively. IL-6 as well as various stimulators of IL-6 synthesis decreased the level of IL-6 receptor mRNA. However, PGE2 not only fails to inhibit IL-6 produc tion, it actually enhances the level of IL-6-R mRNA and the number of IL-6-R molecules on the Kupffer cells surface25 thereby counteracting the suppression of receptor synthesis by LPS.
In the rat liver PGE2 attenuates pro-inflammatory signals and enhances antiinflammatory processes ( Fig  5) : It stimulates NO synthesis and counteracts the con traction of stellate cells thereby facilitating the flow of blood to the liver. The lack of inhibition of IL-6 syn thesis by PGE2, in contrast to TNF-a, allows the release of acute-phase reactants from the liver.
While no satisfactory evidence for a physiological role of PGD2 in the liver is yet available, TxA2 was found to be a potent effector of hepatic hemodynamics. The rise in portal pressure following in situ stimulation of Kupffer cells is, to a large extent, suppressible by inhibitors of TxA2 synthesis or TxA2 receptor antago nists.26 TxA2 synergizes with PGF2a and endothelin-1 in bringing about the contraction of stellate cells. This effect is mediated by inositol trisphosphate and Ca2+ and antagonized by Iloprost, a prostacyclin (PGI2) analogue.14 Iloprost activates the adenylate cyclase of Kupffer cells. Contraction by TxA2 and relaxation by Iloprost are accompanied by the formation and dis aggregation, respectively, of actin stress fibers.
Platelet-activating factor (PAY) has been shown to play an important role in the generation of TNF-a and superoxide in guinea pig peritoneal macrophages. Liver Fig with unicellular components of the reticulo-endothelial system is autostimulation. The term "autacoids" is fre quently used for such autocrine processes. This positive feedback loop consists of an inducible machinery for the generation of a mediator, its release from the cell and a receptor for this mediator on the same cell. In most instances it can be shown that the mediator has to pass through the extracellular space. A regulatory cir cuit employing different mediators operates in macro phages (Fig 6) . LPS-exposed Kupffer cells synthesize TNF-a that, in turn, elicits PGE2 release by the same macrophages.28 This PG, however, is at the same time an efficient inhibitor of TNF-a and IL-1(3 synthesis at the transcriptional level.24 Moreover, it is an enhancer of its own, TNF-a-provoked formation. Thus, one ob serves in these cells after LPS stimulation a rather rapid though transient synthesis of TNF-a. On the other hand, PGE2 synthesis begins slowly but continues steadily for a long period of time. 29 In addition, the eicosanoid influences the expression of TNF-receptor-1. A network of different mediators and cell types par ticipates in the pathological sequelae following an inflammatory insult of the liver (Fig 7) . In mice, TNF-a was shown to bind strongly to the surface-probably to receptors-of endothelial cells.30 In this form it is able to induce granulocytes to stick to the endothelium Fig to 405 mosm enhances greatly the LPS-triggered PGE2 synthesis in Kupffer cells. This effect is due to an increased expression of cyclooxygenase (prostaglandin H synthase)-2 (Cox-2)34 (Fig 8) . This isoenzyme is expressed in macrophages in response to proinflam matory stimulation. Steroidal (dexamethasone) as well as non-steroidal (indomethacin, NS-398) inhibitors of eicosanoid synthesis and blockade of transcription and translation abolish the hypertonicity-induced stimula tion of PGE2 synthesis. Hyperosmolarity does not influence the activity or expression of the constitutive Cox-1 or phospholipase A2. The latter activity liberates arachidonic acid from membrane-associated phospha tidyl compounds. Thus it appears that hyperosmolarity regulates the synthesis of the key enzyme involved in stimulated eicosanoid synthesis. It is obvious that sup pression of PGE2 synthesis in the inflammatory situa tion will also influence the availability of cytokines and cytokine receptors in various liver cells.
